~" An understanding of the microvascular anatomy of the midbrain and posterior diencephalon is essential in the surgical management of lesions in that region. A description of the arterial pattern of blood supply to these areas is the purpose of this study.
9
anatomical study NOWLEDGE of the microanatomical features of the interpeduncular fossa (IF) is of paramount importance for surgeons approaching vascular lesions of this area, particularly basilar bifurcation aneurysms. A number of studies of the vascular structures of the IF have used formalin-fixed specimens or injection-perfusion techniques. 1'2'6'7'10'16 '18'19'21'22'28'29'31'33'36'38 '40 We have investigated the microvascular anatomy of this region using unfixed human cadaver brains injected with polyester resin medium, and have found that this technique offers many advantages over other methods for the microanatomical dissection of the vascular structures of the posterior perforated substance (PPS) and the IF. With this technique, more accurate measurement of the outer diameter (OD) and length of these vessels is possible, definition of their branching patterns and points of penetration is greatly enhanced, and multiple variations of the vessels can be more clearly delineated.
Materials and Methods
Twenty-eight unfixed brains were obtained at routine autopsy 4 to 8 hours post mortem from adults without signs of central nervous system disease. After the brains were immersed in Ringer's solution, the basilar arteries were cannulated with No. 18 polyethylene catheters positioned immediately proximal to the origin of the superior cerebellar arteries (SCA's). The supraclinoid internal carotid arteries, the middle cerebral arteries, and both anterior cerebral arteries were ligated with 3-0 suture. The basilar artery and its branches were flushed with 300 cc of normal saline, and then injected with polyester resin* according to the previously reported technique of Gomes, et al., ~4 until good basal arterial filling was evident. A Zeiss OPMI surgical microscope with a Pentax K-1000 camerat (used for photographic documentation) was used for the dissections. The brain was placed upside down, and the ventral * Monomer and catalyst obtained from Russ Simpson Co., Warren, Michigan; resin obtained from American Colors, Inc., Sandusky, Ohio.
? Zeiss OPMI surgical microscope manufactured by Carl Zeiss, Inc., New York, New York; Pentax K-1000 camera manufactured by Honeywell, Inc., Photographic Products Division, Littleton, Colorado. The origin, length, OD, course, branching pattern, and point of penetration of the vessels arising from the segment of the posterior cerebral artery (PCA) proximal to the posterior communicating artery (PCoA, Pl segments), from the last 5 mm of the basilar artery, and from the proximal 7 mm of both SCA's and into the IF were studied. Detailed drawings of the findings were made and photographs of the anatomical dissections were taken.
Results
The interpeduncular fossa (IF) is defined as the space limited by the mamillary bodies (MB's) and the anterior half of the PPS superiorly, the posterior half of the PPS and the anterior part of the mesencephalic tegmentum posteriorly, the upper part of the pons inferiorly, the cerebral peduncles laterally, and the basilar bifurcation and the proximal segment of the PCA anteriorly (Figs. --* PThA = paramedian thalamic artery; SPMA = superior paramedian mesencephalic artery; PPS = posterior perforated substance. For definition of Types A to G trunks see Table 2 .
The PPS is a depressed punctuated area of gray matter shaped like a triangle, with the base anterior and the apex posterior, and is located behind the MB's. The triangle was 3.25 +_ 0.29 (_ standard deviation) m m long at the base and 8.11 _+ 1.19 m m high (Fig. 3) .
The vessels that penetrate the PPS and the anterior mesencephalic tegmentum were classified as paramedian thalamic arteries (PThA's), superior paramedian mesencephalic arteries (SPMA's), and inferior paramedian mesencephalic arteries (IPMA's). The PThA's and SPMA's originated as single or common trunks from the P1 segment (Fig. 4) . These trunks usually run back through the IF, where they branch and follow a sinuous course, entering the parenchyma through the PPS. The PThA's penetrate the anterior half of the PPS, and the SPMA's penetrate the posterior half of the PPS. The arteries in the anterior half (44%) were larger (OD 0.52 _+ 0.09 mm) and more lateral than the arteries in the posterior half (56%, OD 0.20 _+ 0.06 mm).
Arteries entering the PPS can be classified according to their origin from a single or common trunk (Fig. 5 , Table 1 ), and the trunks according to their origin from the PI segment (Fig. 5) . The possible originating patterns were: single trunk, unilateral; single trunk, bilateral; double trunk, unilateral; single trunk one P~ segment, double trunk the other; double trunk both PI segments; and multiple trunks. The most common patterns were a double origin from one PI segment and a single origin from the other, or a single origin from each PI (each pattern comprised 36% of the brains studied, Fig. 6 ). In two other brains, the pattern of origin did not fit into any of the previous groups, and these were grouped together (Group 6, Fig. 5 ). 
* Classification of the paramedian thalamic artery (PThA) and superior paramedian mesencephalic artery (SPMA) trunks based on the site of penetration through the posterior perforated substance (PPS) and on their branching patterns. See also Fig. 4 .
Ninety-seven percent of all trunks arose from the superior or posterior wall, and 3% arose from the anterior wall of the P~ segment. Most of these trunks had an acute angle of origin, and the initial course was medial, superior, and posterior. In 17 of the 28 brains studied, 25 naturally occurring anastomoses greater than 0.1 mm in OD were found between the perforating arteries ( Fig. 7) . In 10 brains, there was a single anastomosis (OD 0.18 _+ 0.05 ram), and in the remaining seven brains, 15 anastomoses (OD 0.18 _+ 0.10 mm) were found.
The distribution of the vessels from the trunk also followed distinct patterns ( from the P~ segment, from the proximal 7 mm of both SCA's, and from the last 5 mm of the basilar artery (Figs. 8 and 9). These trunks coursed around the upper part of the pons through the inferior part of the IF, where they branched to produce the IPMA's. The IPMA's coursed dorsally, reaching their penetration point at the anterior surface of the mesencephalic tegmentum immediately superior to the pontomesencephalic junction. The IPMA's supplied the paramedial territories of the inferior mesencephalon. Fifty percent of the basilar arteries gave rise to these IPMA trunks (Table 3) .
Forty arteries (OD 0.15 _+ 0.03 mm) in 28 brains arose from the perforating vessels that vascularized the third cranial nerve in its course through the IF. These were present in 71% (20) addition, there were arteries (OD 0.14 _+ 0.03 mm) arising from the perforating vessels that penetrated the medial surface of the cerebral peduncles in the IF. These arteries were found in all 28 brains, with an average of 4.6 vessels in each brain.
In the brains studied, we found arteries coursing to the MB's, with an average of 1.26 _-4-0.95 vessels for each MB (Figs. l0 and 11 ). They arose from the PCoA, from the PI segment of the PCA, and from the perforating arteries (Table 4) . Other vessels arising from the Pl segment of the PCA are the long and short circumflex arteries (Fig. 12) . The short circumflex arteries course to the geniculate bodies, and the long circumflex arteries to the colliculi (Table 5) . We studied only those circumflex arteries arising from the P1 segment of the PCA. Short circumflex arteries coursed medially to the PCA around the midbrain, supplying small perforating branches to the cerebral peduncle and substantia nigra, and most (74%) terminated at the posterolateral border of the peduncle. For each P~ segment, circumflex arteries an average of 0.84 ___ 0.33 long arose from the posterior wall. These vessels encircled the midbrain to reach the quadrigeminal plate, with small branches arising from the trunks and supplying the cerebral peduncle, geniculate body, and tegmentum.
Discussion
The first description of the paramedian thalamic mesencephalic arteries is found in the works of Duret. 6 He described an internal and posterior artery o f the optic thalamus derived from the "arteria c o m m u n i c a n s posterior" as well as from the "arteria cerebri" behind the "corpora mamillaria." These arteries irrigated the posterior part of the wall of the third ventricle and ascended vertically. The first detailed study of the clinical syndromes of the PCA was carried out by Foix and Masson, II who made a distinction between the syndromes due to infarction of the whole territory of the PCA and those due to a partial lesion. Foix and Hillemand l~ noted that the paramedian arteries originated from the retromamillary or thalamoperforating peduncle. They divided this peduncle into an anterior or thalamoperforating section, which irrigates the thalamus, and a posterior or peduncular section, which constitutes the paramedian mesencephalic arteries. Using this classification of Foix and Hillemand, Lazorthes and Salamon 24 referred to the anterior group as diencephalic and the posterior group as mesencephalic. They pointed out that the diencephalic group penetrated the PPS immediately posterior to the MB's, supplying the posterior hypothalamus and the thalamic medioventral and lateroventral regions. The mesencephalic group was formed by smaller arteries which supplied the subthalamic regions, the internal region of the peduncle, the red nucleus, and the third cranial nerve nucleus. Plets, et al.,31 studied the vascularization of the human thalamus in 52 fixed human brains after injection of colloidal barium sulfate. They performed radiographic and transillumination examinations, in which they found several variations in the origin and proximal course of the "arteriae thalamoperforants" or "retromamillariae" before their penetration into the PPS. The intraparenchymal course of the vessels and the territories they supplied were described. Percheron 27'3~ dissected the extra-and intraparenchymal course of the paramedian arteries that originated from the Pl segment of the PCA in 30 fixed hemispheres. He classified these vessels as the IPMA's, the SPMA's, and the PThA's, according to the territories they supplied. The "posterior internal optic arteries" of Duret, 6 the "retromamillary pedicle" of Foix and Hillemand l~ and Lazorthes, et al., 23 ' 24 the "posterior perforating arteries" of Gillilan, 12"t3 and the "paramedian thalamo-mesen-A. Pedroza, et al. (Figs. 2 and 3) . The PThA's were larger, longer, and more lateral than the SPMA's at their penetration sites through the PPS. Our results of average perforator numbers coincided with those of Foix and Hillemand, and of Plets, et al. 31 The vascular configuration at the origin of the PThA and SPMA trunks varied greatly. Percheron 3~ described three types: Type 1 was a symmetrical arrangement in which one PThA arises from each Pl segment; Type 2 was asymmetrical, with the right and left PThA's arising from the same Pl segment separately or in a common trunk; and in Type 3, an arterial arcade connected the two Pl segments and gave rise to the paramedian arteries. In 28 brains, Percheron 29 found nine examples of Type 1, eight of Type 2, and one of Type 3 configuration. We have classified these vessels into six groups based on their pattern of origin from the Pl segment (Fig. 5) , and into seven types based on their pattern of branching and the distribution of the perforating branches through the PPS (Tables 1 and 2, and Fig. 4) .
The most significant finding of this microanatomical study was that the presumed symmetrical arrangement of the vessels in the PPS was not likely to exist. We have demonstrated that it is possible for the branches from a unilateral Pl segment to supply the entire paramedian thalamus, the superior mesencephalon, or part or all of the ipsilateral or contralateral PPS. Our findings have shown that in six brains PThA's and SPMA's arose from one P1 segment only, in 10 brains there was the same number of PThA and SPMA trunks for each Pl segment, and the average number of trunks for each Pl was 1.32. These trunks arose from the superior and posterior wall of the Pl segment; only two trunks arose from the anterior wall. These multiple variations in vascularization which were revealed by our findings of vessel origins, single or common trunks, and distribution patterns could be a possible explanation of a wide array of clinical syndromes.
Three clinical syndromes have been correlated with anatomicopathology in occlusive vascular disease of the paramedian thalamomesencephalic arteries: unilateral paramedian thalamic infarct, bilateral paramedian thalamic infarct, and paramedian thalamopeduncular infarct. 8"9 Patients with unilateral paramedian thalamic infarct develop mood and behavioral changes: agitation, aggression, apathy, prostration, and disorientation. Parafascicular, dorsomedial, and centromedial nuclei of the thalamus are always involved in the lesion, but the infarct of the dorsomedial nucleus is limited to its inferior internal region and that of the central nucleus to its internal part? Of 74 trunks, we found 22 (Types A and B) from which only PThA's originated ipsilaterally. This anatomical pattern could explain the unilateral thalamic symptomatology in occlusive vascular disease of the trunks. Castaigne, et al., 3 reported four patients with this infarct type who had two symmetrical paramedial trunks.
Patients with bilateral paramedian thalamic infarcts exhibit disturbances of consciousness that can fluctuate between coma and periods of limited verbal communication. Once the patient regains consciousness, a hypersomnolent apathetic state is characteristic. The Korsakoff amnesic syndrome is the most consistent feature, with anterograde and retrograde deficits and both verbal and nonverbal memory impairment. Subcortical dementia has frequently been found in these cases, as indicated by apathy and lack of spontaneity, slowness of thought and response, and diminished facial expression. A combination of somnolent mutism, severe amnesia, and vertical saccadic movement abnormalities is usually diagnostic of bilateral paramedian thalamic infarcts. 3'15A7'34 These infarcts affect the intralaminar, parafascicular, dorsomedial, and centromedial nuclei of the thalamus; they are always asymmetrical. In some cases, the infarct cuts the mamillothalamic tract and extends downward to involve the superior internal pole of both red nuclei and the tract of Meynert. 31' 34 The lesions can be related anatomically to P~ or single trunk occlusion when the right and left PThA's arise from the same P~ segment. In this situation, the two PThA's could be supplied by one P~ segment only. Two of the four patients that Castaigne, et al., 3 described showed this arterial pattern. We found this pattern in six (21.5%) of the 28 brains we studied, where all the PThA's and SPMA's originated from a single P, segment, thus supplying the entire paramedian artery territory. In addition, in 10.7% of these six P, segments, the paramedian arteries originated from only one trunk. The other pathological situation that could produce bilateral paramedian thalamic infarcts is occlusion at the basilar bifurcation, as Castaigne, et al., 3 reported in one of their four patients.
Onset of paramedian thalamopeduncular infarct is often sudden, with disturbances of consciousness associated with abnormal ocular motility. More often, it is characterized by coma or hypersomnia from which the patient responds to painful stimuli. In the absence of disturbed consciousness, or after return to normal consciousness, disorientation and amnesia can be present. The ocular motility is affected by third cranial nerve palsy, which can be unilateral, bilateral, partial, or complete. Clonic, athetotic, or myoclonic abnormal movements can appear later in the clinical course; they are always delayed and tend to be concentrated in the arm or face. 3'15'17'25'34'35 Unilateral orbitolateral infarcts at the thalamic and midbrain levels have also been found in these cases. 3'25'34 '35 The thalamic structures affected by these infarcts are the dorsomedial, parafascicular, paracentral and central lateral, centromedian and ventral lateral (oral and caudal part) nuclei, the red nucleus, and the habenulopeduncular and mamillothalamic tracts. These nuclei are affected partially and asymmetrically. The infarcts are also present partially and asymmetrically at the midbrain level. The affected structures include the third cranial nerve nucleus, the medial longitudinal fasciculus, the central tegmental tract, the internal strip of the red nucleus, the pars compacta of the substantia nigra, the fourth cranial nerve nucleus, and the decussation of the superior cerebellar peduncle. The pathology of these infarcts correlates with the arterial pattern in 15 cases described by Castaigne, et al., 3 in which they found occlusion of the P~ segment (one case), stenosis of the basilar artery and bilateral stenoses of the P~ segment (two cases), unilateral stenosis of the P1 segment (one case), and no visible occlusion or atheromatous changes at the basilar artery and Pj segment (six cases). The nature of the occlusion was thrombotic (two cases) or embolic (three cases). When no stenosis or occlusion was evident, an embolic mechanism was likely. Comparing arterial patterns, they found five cases with two symmetrical trunks, four cases with asymmetrical trunks, three cases with a single trunk, and two cases in which there was a single trunk on one side and several small arteries on the other side.
In the single-trunk disease, according to the territory supplied by that trunk, the paramedian thalamopeduncular infarct is the most likely clinical syndrome (56.7%), although any of the syndromes described can be found. Of 56 P~ segments, six (10.7%) did not have trunks for these paramedian territories; hence, occlusion of these PI segments would not produce clinical mesodiencephalic symptomatology. The contralateral six (10.7%) P~ segments had PThA's and SPMA's, so occlusion would always cause bilateral thalamopeduncular infarct. Fifteen PI segments produced bilateral perforating branches, one contralateral branch, and 34 ipsilateral branches. In cases of unilateral occlusion of the whole P~ segment, there is a probability of bilateral symptomatology in 26.8% of patients, of only contralateral symptoms in 1.8%, and of ipsilateral symptomatology in 60.7%. All the trunks that originated from the distal one-third of the P] segments were Type A trunks (Table 1) , so atheromatous plaques localized in that portion could cause ipsilateral thalamic infarcts without mesencephalic symptomatology.
Perforating branches to both halves of the PPS originated from 56.7% of the trunks and 82.2% of the P1 segments. This arterial distribution explains why paramedian thalamic and midbrain infarcts reported in the literature are rarely isolated to a single side of the PPS.
At this time, it is known that treatment of basilar bifurcation aneurysms is more likely to be successful when injury to the perforating arteries is avoided. 2~ Of the first eight patients treated by Drake 5 using the subtemporal approach, three did well, one had a poor outcome, and four died. His review of these cases and of the anatomy of the region suggested that haphazard placement of the clip or ligature behind the neck of these aneurysms resulted in midbrain infarction caused by injury to the perforating vessels arising from the bifurcation or the adjacent PCA's at or near their origin. Once the importance of preserving the integrity of these small vessels was understood, the results began to improve. Our microanatomical study has shown arterial patterns of the paramedian and circumflex arteries when they originated from the superior and posterior walls of the first 3 mm of the PI segment, always traveling dorsally from the posterior wall to their site of penetration.
The following recommendations about the surgical approach to basilar bifurcation aneurysms in relation to the perforating vessels should be considered. It is safer to follow the inferior wall of the Pl segment to reach the neck of the aneurysm at the basilar bifurcation. When the aneurysm projects upward, the largest problem is the relationship between the perforating vessels and the posterior wall of the aneurysmal sac. Drake 5 advised gentle retraction of the crus, which is well tolerated, and exposure of the posterolateral aspect and its perforating vessels. He stated that this was one of the advantages of the subtemporal approach over the Sylvian approach, where adequate visualization of the perforating region behind or below the aneurysm is difficult. Ya~rgil, et al., 39 and Sugita, eta/., 37 have pointed out that the Sylvian approach provides a relatively large operating field with immediate visualization of the contralateral P~ segment and its perforating vessels, allowing the surgeon to free the latter from both sides of the sac. We found that the perforating vessels that supply the paramedian territories of the superior mesencephalon (the SPMA's) and the thalamus (the PThA's) have a long course from their origins in the P~ segment to their point of penetration through the PPS. This permits safer dissection and liberation of the perforators from the dome of the aneurysm, as found in the surgical approach described by Sugita, et al. 37 When the PCA fills from the PCoA, the Pj segment can be safely divided or occluded. Ya~argil, et al., 39 found this division useful when the P~ segment adhered closely to the wall of the aneurysm, and Drake 4 occluded the P~ segment at its origin in critical situations or when he encountered giant aneurysms. When it is necessary to occlude the basilar artery in critical cases, the recommended location for occlusion is between the origins of the PCA's and the SCA's. In 24 (85.7%) of the brains in our study, the SCA's and PCA's arose together, leaving little or no room for arterial clipping. In the remaining four brains, the distance between the origins of the SCA and the PCA ranged from 1 to 4.5 mm (Fig.  12) . A total of 62 perforating vessels originated from the posterior wall of the last 5 mm of the basilar artery in the 28 brains, with an average of 2.2 vessels for each basilar artery. To avoid occlusion of these vessels, the narrowest clip or ligature should be used. Drake 4 recommended occlusion of the artery while the patient is conscious if there is any uncertainty about whether the PCoA's are large enough on one or both sides to carry the top end of the basilar circulation.
Conclusions
The interpeduncular fossa is an important space in the upper and anterior parts of the brain stem because of the vascular structures that course through it arising from the posterior part of the circle of Willis. Since these vessels supplying the paramedian territories of the mesencephalon and the thalamus are surgically and clinically significant, the surgeon operating in that area should be aware of their origin and course, so that injury from clip placement or other incidental vessel damage --which could result in severe neurological deficit --can be avoided.
